High-spin states in the 164 68 Er 96 region were studied using 9 Be + 160 Gd reactions. Pulsed beam conditions were exploited for enhanced sensitivity to delayed γ -ray transitions. New isomers were identified in 161 Dy, 163 Ho, 162 Er, and 165 Er. The 162 Er isomer is interpreted to decay by E1 transitions to the ground-state band with a reduced hindrance of f ν = 33. A plot of f ν values for all K = 7, E1 transitions from two-quasiparticle isomers to the ground-state bands of even-even nuclei reveals only a small influence from the dynamic to kinematic moment-of-inertia ratio, which provides a measure of Coriolis K mixing within the ground-state band. This is interpreted to imply that the relatively low hindrances are due to K mixing in the isomer, caused by a combination of Coriolis and octupole band mixing.
I. INTRODUCTION
The slow decay rates of isomers represent an extreme of nuclear conditions. The general features of this distinctive hindered decay behavior are understood [1] . Despite these findings, interpreting the detailed differences between isomer decay rates remains a considerable challenge and provides a tantalizing opportunity to reveal less apparent features of nuclear structure.
An important degree of freedom is described by the K quantum number, the projection of angular momentum on the symmetry axis of the deformed nuclear shape. Decays from high-K states may be isomeric if available daughter levels represent a large change in K. Such decays should require a comparatively large multipole transition, λ. Nevertheless, low-multipole forbidden transitions are observed, which are hindered by the degree of forbiddenness, ν = K − λ. In quantifying the hindrance of the decay, the half-life is measured relative to its Weisskopf estimate,
The influence of the forbiddenness on the hindered decay is described by the reduced hindrance, f ν = F 1/ν W [2] . A wide range of f ν values have been measured, demanding the consideration of other variables that affect decay rates, such as the reduction in K conservation caused by mixing [3] .
The Coriolis effect induces K mixing by diverting the motion of nucleons in a rotating nuclear core. The effect reaches its greatest intensity for nucleons in high-j , loworbitals, where K = [4] . Similarly, the energy of an isomer relative to the yrast line can lead to small admixtures of low-K states through greater level density [5] . A third form of mixing arises through axial asymmetry in the nuclear shape, leading to a reduction in K conservation [6] . Despite our understanding of K mixing, additional experimental data are needed to reveal the more intricate mechanisms influencing the decay.
To observe these mechanisms, it is useful to plot f ν values as a function of variables that quantify known mixing * t.swan@surrey.ac.uk effects [2] . A recent publication [7] exploring the decay of an isomer in 162 Dy showed the relation between f ν and the product of the valence neutron and proton numbers, N p N n . For two-quasiparticle isomers decaying by E2 transitions, N p N n is well correlated with f ν , but reveals a small additional influence from level density effects.
We now present new isomer data for other weakly populated nuclides in the same mass region. With the focus on a K π = 7 − isomer in 162 Er, f ν is plotted as a function of the dynamic to kinematic moment-of-inertia ratio. This ratio gives a measure of Coriolis mixing in the daughter states of isomer decays to the ground-state band [8, 9] .
II. EXPERIMENTAL DETAILS
In the present study, nuclei in the 164 68 Er 96 region were populated using 9 Be + 160 Gd complete and incomplete fusion evaporation reactions. Pulsed and chopped beams were provided by the 14UD tandem accelerator at the Australian National University Heavy Ion Accelerator Facility [10] at an energy of 57 MeV. With the aim of measuring isomer properties in 164 Er [11] , this beam energy provided the greatest cross section for 164 Er production through the 160 Gd( 9 Be,5n) reaction. A highly enriched (>95%) 160 Gd target with an effective thickness of 4.36 mg/cm 2 was placed at the center of the Compton suppressed CAESAR array [12] , consisting of six High-Purity Germanium (HPGe) detectors at ±48
• , ±97
• , and ±147
• in the beam plane and three larger HPGe detectors out of plane at ±45
• and +135
• . The array includes two out of plane Low Energy Photon Spectrometer detectors at −90
• and −135
• for greater efficiency at low energies. Chopped and bunched 1-ns beam pulses, with a 1.7-μs separation, were used to measure γ -ray events relative to the driving rf signal. These events were sorted into a "short time-γ " matrix (time vs energy). To measure lifetimes that were long compared to the 1.7-μs pulsing, another measurement was performed where the beam was chopped (30 μs on, 150 μs off) and γ -ray times were measured using a clock register relative to the driving rf to create a "long time-γ " matrix. Gamma-rays, detected between beam pulses, that were coincident within ±150 ns were used to create an "out-of-beam γ -γ " matrix. Furthermore, to detect correlated events across isomeric states, an "early-delayed γ -γ " matrix was produced from events with a time difference of between 150 and 832 ns. The usual in-beam γ -γ coincidences were also studied.
III. RESULTS

A. Isomer in 161 Dy
Recently, Jungclaus et al. [13] identified a rotational band above a K π = 11/2 − bandhead at 485.56 keV [14] in 161 Dy. The experiment had no out-of-beam condition, and no decays out of the bandhead were observed. In the present work 161 Dy is populated through the ( 9 Be, α4n) channel. Coincidence measurements for γ -ray transitions between the low-spin members of the K π = 5/2 − and K π = 5/2 + bands (see Fig. 1 ) in the out-of-beam γ -γ matrix identified delayed γ -ray transitions from the 485.56-keV level, indicating an isomer. Despite a low efficiency due to a delayed coincidence width of 682 ns, the decay branches were more clearly resolved in the "early-delayed γ -γ " matrix by gating on a number of early transitions within the K π = 11/2 − band [13] , as seen in Fig. 2 . Gamma coincidence measurements for the "217.6 + 217.8" peak confirmed it to be a doublet.
The relative intensities of the decay branches from the isomer are shown in Table I energies place the isomeric state at 485.7(2) keV. Measurement of the half-life was hindered by the low yield and by increased contamination from other delayed components at low energies.
To measure the half-life, γ -ray energy spectra were produced from contiguous time regions in the short time-and long time-γ matrices, from which γ -ray intensity measurements were extracted for the 385.3-and 284.3-keV branches. The half-life of the 161 Dy isomer was determined (Fig. 3 ) to be 0.76 (17) μs.
The K π = 11/2 − isomer is known to have a onequasineutron, ν11/2 − [505] orbital structure [14] . This structure is observed as an isomer in the nearby 163 Er and 165 Er nuclides, with half-lives of T 1/2 = 0.58 μs [16] and T 1/2 = 0.25 μs [17] and excitation energies of 445 and 551 keV, respectively. In Fig. 4 transition strengths for the decays from these isomers are compared, reflecting similarity in the decay paths and probabilities and supporting the ν11/2 − [505] assignment for the 161 Dy isomer.
B. Isomers in 163 Ho
A K π = 17/2 + isomer has been observed previously in 163 Ho at a level energy of 1506 keV, decaying by a 973-keV transition to the ground-state band with a half-life of T 1/2 15 ns [18] (see Fig. 5 ). The half-life measurement in the earlier work was limited by the loss of residual nuclei exiting the detection system. The same delayed transition was observed in the present work with an energy of 973.8 keV. A second much weaker branch from the same isomer was discovered at 581.1 keV [see Fig. 6(a) ]. (20) a Electron conversion coefficients are obtained from Ref. [15] .
In the out-of-beam γ -γ matrix, a gate on the 973.8-keV transition yielded clear evidence for a second isomer, at 2109.4(2) keV, decaying by 340.2-and 183.3-keV γ -ray transitions into the known isomer band [see Fig. 6(b) ]. In Fig. 6 (c), early coincidences with the delayed 340.2-and 973.8-keV transitions indicated three transitions within the 2109-keV isomer band.
The half-life of T 1/2 = 0.80 (15) μs for the 2109-keV isomer was obtained from a fit to the intensity of the 973.8-keV transition (Fig. 7) , observed in γ -ray spectra produced from 156-ns-wide time regions in the short time-γ matrix (direct branches from the isomer were heavily contaminated). Table II, shows that after 300 ns, all of the γ -ray intensity through the 1506-keV isomer comes from the 2109-keV isomer, and in Fig. 6(c) , the band built on the 1506-keV isomer is not observed. This shows that the measured half-life is that of the 2109-keV isomer.
Before 300 ns, a shorter delayed component was observed in the time spectrum for the 973.8-keV transition, with γ -ray coincidence spectra and intensity measurements showing this to be the 1506-keV isomer. The half-life of the 1506-keV isomer was measured in the short time-γ matrix with a background-subtracted gate on 973.8-keV γ rays. A measure- ment of T 1/2 = 41(11) ns was obtained from the fit in Fig. 8 . The fit is the sum of two exponentials, representing the two isomers, one of which is fixed at 0.80 μs.
Considering the intensity of the branches (Table II) , the strength of the 973.8-keV transition relative to that of the 581.1-keV transition strongly favors a spin of 17/2 for the 1506-keV isomer, because a higher spin would require a higher multipole for the stronger transition, which is inconsistent with Weisskopf transition rate systematics [19, 20] . The weakness (or absence) of the 786-keV transition to the 17/2 − state at 721 keV is surprising, though a comparable situation is found for the E1 decay of a 19/2 − isomer in 153 Eu [21] and, to a lesser extent, for the 11/2 − isomer decay in 161 Dy (see Sec. III A). For the 2109-keV isomer, the same systematics make a parent spin of 25/2 unlikely, and the absence of a transition to the 19/2 level in the daughter band is consistent with such a transition having a higher multipole, favoring a spin of 23/2 for the isomer. Possible configuration assignments are discussed in Sec. IV A.
C. Isomer in 162 Er
In the out-of-beam γ -γ matrix, a gate on the 6 + → 4 + (337.3 keV) ground-state band transition in 162 Er showed clear evidence for an isomer decaying by 1359.6-and 930.1-keV γ -ray transitions (see Fig. 9 ). The half-life of the isomer was measured in the short time-γ matrix with a backgroundsubtracted gate on 1359.6-keV γ rays. A half-life of 88(16) ns was determined from the fit in Fig. 10 .
The relative intensities, determined in the out-of-beam γ -γ matrix, are shown in Table III . The γ -ray energies of these branches place the isomeric state at 2026.6(6) keV, in slight disagreement with a previous measurement of 2025.57(13) keV [22] . A partial level scheme is shown in Fig. 11 . The two branches from the isomer have been previously reported by De Boer et al. [23] and Janssens et al. [22] with both works assigning a spin of 7 to the parent level on the basis of angular distributions. Neither work reported the level as an isomer. The level scheme is well established in these works.
Regarding the spin-parity assignment of the isomer, its level energy and decay path are similar to that of a K π = 7 − , 1985-keV isomer in 164 Er with a half-life of 23 ns [24] . Transition strengths for the direct branches from the two isomers are compared in Fig. 12 
D. Isomer in 165 Er
In the out-of-beam γ -γ matrix, a gate on the 13/2 − → 11/2 − transition within the known K π = 11/2 − isomer band in 165 Er (E = 551 keV; T 1/2 = 0.25 μs [17] ) showed evidence for another isomer, at 1823.0(2) keV, decaying by a 317.0-keV γ -ray transition through an unknown band into the band based on the isomer [see Fig. 13(a) ]. Other direct branches from the new isomer at 1144.6 and 1050.6 keV [see Fig. 13(b) ] were assigned. In Fig. 14 gates on the delayed 317.0-, 799.8-, and 623.6-keV transitions were summed within the "early-delayed γ -γ " matrix, isolating early transitions from two separate bands (bands "X" and "Y") that feed the isomer.
The half-life of the new isomer was measured within the short time-γ matrix with a background-subtracted gate on the 799.8-keV transition (the intense 317.0-keV transition was contaminated with other delayed components). A measurement of T 1/2 = 0.37(4) μs was determined from the fit in Fig. 15 .
A partial level scheme is shown in Fig. 16 . The measured γ -ray energies place the new isomer at 1823.0(2) keV. The 1823.0(2)-keV level has been independently observed in a recent publication [26] , in agreement with the excitation energy measured here, although it was not assigned as an isomer in that work. The 317.0-, 799.8-, 623.6-, 767.2-, and 188.2-keV transitions decaying from the 1823.0(2)-keV level were also observed in that work.
The early transitions in Fig. 14 could not be detected in in-beam γ -γ coincidence measurements. However, I = 2 transitions allowed for some verification of I = 1 placements within bands X and Y. It is likely that one of the bands in early coincidence with decays from the isomer is its associated rotational band, with the other decaying into the isomeric state via an unobserved low-energy transition. and Y. The tentative spin-parity assignments for bands X and Y (Fig. 16 ) are model dependent and are discussed in Sec. IV C.
IV. DISCUSSION
The isomers with unknown structure presented in Sec. III were investigated with consideration of the intrinsic g factor and alignment of the associated rotational bands, and through comparison with BCS calculations [27] , which apply estimated pairing strengths to the Nilsson model to predict the energies of multi-quasiparticle states. A summary of these calculations is shown in Table VI . Residual interactions are not included in the BCS calculations, but for two-quasinucleon components the pairing energies (G n , G p ) are adjusted to better reproduce configurations that are favored by residual interactions. If included, the residual interaction would shift nonfavored configurations up in energy by ∼200 keV [7] , though in Table VI only the 7 + configuration is affected in this way. a Electron conversion coefficients are obtained from Ref. [15] .
A. 163 Ho
The structural assignments of the two isomers in 163 Ho, at 1506 and 2109 keV (see Fig. 5 Using rotational model formulas [29] , intrinsic g factors were extracted from the intensities in Table II , giving |g K − g R | = 0.22 +0.04 −0.03 , where Q 0 = 6.4 b is assumed from the β 2 deformation calculated in Ref. [30] . We compare the experimental value with the expected intrinsic g factor for the three configurations. Using intrinsic spin g factors of +5.59 and −3.83 for protons and neutrons, respectively, with a quenching factor of 0.6, and assuming an effective g K = 0.08 (5) . The g-factor evidence favors A and B more than C. Additional information about band structure comes from the degree of rotation alignment, as described in Ref. [34] . In Fig. 17 165 Er showing the decay of the new isomer (T 1/2 = 0.37(4) μs). Spin and parity assignments for X and Y are tentative. TABLE V. γ -ray energy, relative intensity, initial level energy, initial angular momentum, and final angular momentum for the two bands found to be feeding the new isomer in 165 Er. Top: Band X (see Fig. 16 ). Bottom: Band Y (see Fig. 16 ). Asterisks denote I = 2 transitions. The uncertainty in the γ -ray energies is typically 0.1 keV.
E γ (keV)
I configuration and |g K − g R | = 0.02(5) for the 23/2 + configuration. This g-factor evidence favors the 23/2 + configuration. The low-energy I = 1 transitions for this band correspond to a high alignment (Fig. 17) , suggesting the presence of the 5/2 + [642] neutron and supporting the 23/2 + configuration. Thus, we tentatively assign a spin-parity of 23/2 + for the 2109-keV isomer.
B. 162 Er
For the 162 Er isomer presented in Sec. III C, the spin 7 assignment for this level, reported by De Boer et al. [23] and Janssens et al. [22] on the basis of angular distributions, was supported by the similarity of the isomer's decay with that of a 7 − isomer in 164 Er. BCS calculations support this assignment further, predicting the 7 − (π 7/2 − [523]π 7/2 + [404]) only 4 keV from the experimental energy of the isomer (see Table VI ). In the absence of known two-quasiproton structures in 162 Er, a proton pairing strength of G p = 21.5/A MeV was used as this predicts the energy of the 7 − configuration in 164 Er. Other I = 7 configurations were predicted at least 300 keV above the experimental energy. No band was detected above the isomer, ruling out g factor and alignment comparisons.
Both E1 transitions from the isomer have a reduced hindrance of f ν = 33 (see Table III ). This value may be compared with other 7
− isomers across the Segrè chart, [34] .
revealing the effect of K mixing on their decay rates. Figure 18 plots reduced hindrance as a function of the ground-stateband ratio of dynamic [
) moments of inertia. This ratio gives a measure of rotational alignment in the groundstate band, indicating the degree of K mixing in the states fed by the isomer [8, 9] .
All of the isomers in Fig. 18 possess a remarkably similar half-life (5 ns T 1/2 100 ns), and this is reflected in their reduced hindrances, which are close to constant (the low value for 128 Ba is discussed later). In stark contrast, and building on Ref. [9] , Fig. 19 is the comparative plot for 8
− isomers, showing a significant reduction in reduced hindrance as Coriolis K mixing within the ground-state band increases, before plateauing around the level shown in Fig. 18 .
The lack of this relationship in Fig. 18 can be interpreted as due to K mixing within the parent states of the 162 Er, 164 Er, [24, [35] [36] [37] [38] [39] [40] . The horizontal axis is the ratio of the ground-state-band dynamic and kinematic moments of inertia. The line is to guide the eye. [40] resulting in a large Coriolis mixing matrix element from the presence of an i 13/2 proton. This can lead to a low reduced hindrance as seen in Fig. 19(b) , which compares Z = 72 and N = 106, K π = 8 − isomers. As discussed in Ref. [41] configurations, which like the Z = 72, K π = 8 − isomers in Fig. 19 do not include an i 13/2 nucleon. However, the lower value of the h 11/2 orbital in the K π = 7 − isomers could contribute to greater Coriolis mixing and a lower reduced hindrance.
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Alternatively, the large discrepancy between K π = 7 − and K π = 8 − isomers at low moment-of-inertia ratios may be attributable to the mixing of a K π = 0 − octupole band with the K π = 7 − isomers [44] . The low-K admixture of this band will not be seen in K π = 8 − isomers due to the symmetry properties of K π = 0 − octupole bands, which forbid even-spin states. Octupole mixing with a rotational band built on an isomer has been observed, for example, in 170 Yb [45] , where a significant reduction in the hindrance of transitions to the ground-state band from the odd-spin states was observed, compared to the transitions from the even-spin states. For K π = 7 − isomers, mixing of this variety could reduce the dependence of the reduced hindrance on ground-state-band Coriolis K mixing.
A more quantitative approach to the description of the K π = 8 − isomers was taken by Dracoulis et al. [41] by evaluating the Coriolis K mixing in the isomer configuration. It would be useful to extend that approach to the K π = 7 − isomers. There is one outlier in Fig. 18 , the 128 Ba isomer, which can be explained in terms of additional K mixing within the isomer state due to a chance near-degeneracy. A 7 − level which decays via a T 1/2 = 3.6 ps, E1 transition to the ground-state band is observed 17 keV above the energy of the 6.1-ns isomer [35] . A two-band mixing analysis reveals that a mixing matrix element of 0.43 keV leads to a 0.06% admixture of the fast decaying state into the isomer, sufficient to explain the low hindrance of its decay [3] .
C. 165 Er
The daughter-level spins following two transitions from the newly discovered isomer in 165 Er (see Fig. 16 Table VI ). The likelihood of these two configurations being the bands labeled X and Y in Fig. 16 is enhanced by the remarkable similarity with the level structure observed in 163 Er [46] . Intrinsic g factors were extracted for band X, which has confirmed I = 2 transitions (see top half of Table V for intensities). These are summarized in Table VII and indicate |g K − g R | = 0.33 (2) . Using the values detailed in Sec. IV A, the theoretical g factor for the 19/2 + configuration was calculated to be |g K − g R | = 0.56 (5) , and for the 19/2 − configuration it was calculated to be |g K − g R | = 0.46 (5) . The g factors marginally favor the 19/2 − configuration for band X. + or 19/2 − bands to the isomer. We can only state that both bands decay through the isomer, because both are in early coincidence with respect to the delayed isomeric transitions. It is highly likely that one of these bands is the isomer band, while the other decays into the isomer bandhead through a low-energy E1 transition (<60 keV). This transition may be obscured by strong x rays between 40 and 60 keV.
V. SUMMARY
Four isomers have been discovered in N = 94-97 dysprosium, holmium, and erbium isotopes. Half-life measurements were obtained and structural assignments were proposed on the basis of decay-branch transition rates, multi-quasiparticle calculations, and the intrinsic g factor and alignment of their associated rotational bands.
An isomer in 162 Er, which decays by E1 transitions to the ground-state band with a reduced hindrance of f ν = 33, is compared with other K π = 7 − isomers with similar decay characteristics on a plot of f ν versus the dynamic to kinematic moment-of-inertia ratio. The near constant f ν values over the full moment-of-inertia ratio range, a feature not seen for K π = 8 − isomers, suggests the dominant K mixing in these isomers occurs in the isomer itself rather than in the daughter state. This mixing is interpreted as being caused by a combination of Coriolis effects due to the occupation of high-j , lowerorbitals in K π = 7 − isomers and band mixing from the K π = 0 − octupole band.
